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The Event Horizon Telescope has recently provided the first image of the dark shadow around the
supermassive black hole M87*. The observation of a highly circular shadow provides strong limits
on deviations of M87*’s quadrupole moment from the Kerr value. We show that the absence of
such a deviation can be used to constrain the physics of extra dimensions of spacetime. Focusing
on the Randall-Sundrum AdS5 brane-world scenario, we show that the observation of M87*’s dark
shadow sets the limit ℓ <
∼
170AU, where ℓ is the AdS5 curvature radius. This limit is among the
first quantitative constraints on exotic physics obtained from the extraordinary first ever image of
the dark shadow of a black hole.
I. INTRODUCTION
The possible existence of extra dimensions, first pos-
tulated by Kaluza [1] and Klein [2] in an attempt
to unify gravity and electromagnetism, is among the
most remarkable predictions of string theory and of p-
branes [3, 4], albeit virtually inaccessible to current ex-
perimental tests. 1 An alternative possibility which can
be experimentally probed consists of a non-compactified,
large extra dimension: such a scenario occurs for instance
in the Randall-Sundrum (RS) model [11, 12]. The RS
scenario features a five-dimensional AdS space (AdS5)
brane-world model where the extra dimension has an
infinite size and a negative bulk cosmological constant.
The matter fields and the gauge fields of the electromag-
netic, weak and strong forces are restricted to a three-
dimensional brane, while gravity is free to propagate on
the bulk of the AdS5 spacetime. The tension on the brane
is chosen so that General Relativity is recovered in the
low-energy regime [13, 14]. A review of brane-world grav-
ity models is given in [15].
In general, the existence of brane-world extra dimen-
sions can be observationally tested through a variety
of methods, which include astrophysical observations,
precision tests of gravity on small scales, and collider
searches [16–25]. In particular, these observations allow
to constrain the AdS5 radius of curvature ℓ, which is
a new parameter entering the metric of the space-time.
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1 A related important testable prediction of string theory is the
existence of a multitude of light pseudoscalar fields known as
the axiverse (see e.g. [5–9] for works examining the observational
testability of this prediction, and also [10] for further related
work).
Currently, the best limits on ℓ come from the lack of
detection of macroscopic forces at laboratory distances,
which set the constraint ℓ <∼ 1mm [26]. Since gravity
and electromagnetism behave in a fundamentally differ-
ent way in the RS model, studying the propagation of
gravitational and electromagnetic signals from a common
source is a powerful way to test the existence of brane-
world extra dimensions. In a previous paper [27], we used
the multi-messenger detection of the gravitational wave
(GW) event GW170817 and its electromagnetic counter-
part GRB170817A [28, 29] from a binary neutron star
merger to test the RS scenario. The sole measurement of
the time lag between the two multi-messenger counter-
parts allowed us to place the bound ℓ <∼ O(Mpc).
Besides altering the propagation of GWs, brane-world
extra dimensions are expected to affect the Newtonian
potential generated by a massive object lying on the
brane (see e.g. [11, 12, 30–32]). These modifications
can be quite relevant for the metric describing the vicin-
ity of black holes (BHs), since they would alter the BH
quadrupole moment with respect to the expected value
in the absence of extra dimensions. These modifica-
tions are particularly important since the no-hair theo-
rem/conjecture states that BH solutions to the Einstein-
Maxwell equations of GR and electromagnetism should
be completely characterised by three parameters: mass,
electric charge, and angular momentum [33–37]. In par-
ticular, knowledge of these three quantities would be
enough to uniquely determine the BH quadrupole mo-
ment: any deviation from such canonical value would be
an indication that new physics is at play [38, 39].
In [40], it was shown that the combination of a BH
event horizon and gravitational lensing of nearby pho-
tons leads to the appearance of a dark shadow, which
should be detectable using very long baseline interferom-
etry (VLBI) [41] (see also [42]). Recently, the Event Hori-
zon Telescope (EHT) collaboration [43] succeeded for the
2first time in providing a breathtaking image of the dark
shadow of the supermassive black hole (SMBH) M87*,
which resides at the center of the giant elliptical galaxy
M87 [44] (see also [45–49]).
In the simplest scenario wherein M87* is a Kerr BH,
and gravity behaves as per standard expectations, the
dark shadow of M87* should be highly circular. This
expectation is indeed met in the results of the EHT
collaboration [44], which reports deviations from circu-
larity in the image of the dark shadow of M87* to be
of order 10% at most. Still in [44], such a constraint
was used to set an upper limit on the relative deviation
of M87*’s quadrupole moment fromthe standard value
QKerr: |∆Q/QKerr| ≡ ǫ <∼ 4.
In this short paper, it is our goal to revisit the physics
of brane-world extra dimensions in light of the highly
circular dark shadow of M87* detected by the EHT col-
laboration. The rest of this paper is then organized as
follows. In Sec. II, we first revisit the computation of
the quadrupole moment of Kerr BHs within the RS sce-
nario, wherein a fifth dimension with curvature radius ℓ
is present. Still in Sec. II, we then estimate the relative
deviation of the quadrupole moment compared to stan-
dard expectations as a function of ℓ, ǫ(ℓ). In Sec. III we
use the limit ǫ(ℓ) <∼ 4 set by the EHT collaboration to
set a new independent upper limit on the AdS5 curva-
ture radius ℓ within the Randall-Sundrum scenario. We
provide closing remarks in Sec. IV.
II. ROTATING BLACK HOLES IN 4 AND 5
DIMENSIONS
Let us first consider a Kerr BH in 4 dimensions. The
BH has mass M and angular momentum J, and we fur-
ther define the rotational parameter a ≡ |J/M |. Within
the usual spherical coordinate system (r, θ, ϕ), with r =√
x2 + y2 + z2, where (x, y, z) are the usual Cartesian
coordinates, and in units where c = G = 1, the square
infinitesimal line element of a Kerr BH in 4 dimensions
is given by [50]:
ds2 =−
(
1−
2Mr
Σ
)
dt2 +
Σ
∆
dr2 +Σdθ2
+
(
r2 + a2 +
2Mra2
Σ
sin2 θ
)
sin2 θdϕ2
−
4Mra sin2 θ
Σ
dtdϕ . (1)
Let us further define the function γ(r, z), defined from
the real and positive solution of the equation γ4 − (r2 −
a2)γ2 − a2z2 = 0. Then, in the weak field limit, the
Newtonian gravitational potential Φ(r, θ) generated by a
source of mass M is given by [51]:
Φ(r, θ) = −
Mγ3
γ4 + a2z2
. (2)
As shown in [51], the Newtonian gravitational potential
can then be expanded in multipoles to yield (up to order
(a/r)2):
Φ(r, θ) = −
M
r
[
1 +
(a
r
)2
P2(cos θ) + ...
]
, (3)
where P2(x) = (3x
2−1)/2 is the second Legendre polyno-
mial. As expected, for a = 0 the potential is spherically
symmetric, whereas the correction to spherical symme-
try is given by the second term on the right-hand side
of Eq. (3). In particular, from the correction we read off
the Kerr BH quadrupole, given by QKerr =Ma
2.
We now need to correct Eq. (3) in the presence of a fifth
dimension. The process of matter collapse to a BH within
the RS model was studied in a series of seminal works [52–
61]. In particular [53] studied the case of a black string
living in the AdS5 bulk, whose intersection with the 3-
brane would appear as a BH to an observer living on the
brane. However, such a “projected” BH still carries in-
formation about the fifth dimension, as discussed in [59].
When projected onto the brane, gravitational field effects
in the bulk effectively endow the BH with a tidal charge
β, carrying information about the extra dimension and in
particular about the AdS5 curvature radius ℓ. In other
words, the BH living on the brane carries an effective
charge (which might be positive or negative) due to the
tidal influence of the bulk.
These earlier works focused on brane-world BHs for
non-rotating spacetimes. As shown in [11, 12, 62], the
continuous spectrum of Kaluza-Klein modes in RS mod-
els leads to a correction to the gravitational potential
generated by a point source which at low energies goes
as ∆Φ ≈ 2Mℓ2/(3r3). What about rotating spacetimes,
i.e. brane-world Kerr BHs? The square infinitesimal line
element of a Kerr BH in AdS5 is given by [63]:
2
ds2 =−
∆
Σ
(
dt− a sin2 θdφ
)2
+Σ
(
dr2
∆
+ dφ2
)
+
sin2 θ
Σ
[
adt−
(
r2 + a2
)
dφ
]2
, (4)
where we have defined:
∆ ≡ r2 + a2 − 2Mr + β , Σ ≡ r2 + a2 cos2 θ , (5)
with β the tidal charge of the BH, which records informa-
tion from the bulk projected onto the brane. The metric
in Eq. (4) may look familiar: in fact, it is exactly equiv-
alent to the Kerr-Newman metric describing a rotating
charged BH in 4 dimensions, where this time the charge
Q has been replaced by the tidal charge β in the defini-
tion of ∆ in Eq. (5). In fact, it is easy to see that for
β = 0 one recovers the Kerr metric of Eq. (1). This re-
sult is totally analogous to the one found in [59], where
2 See also [64–73] for important works on rotating BHs in brane-
world models.
3it was found that a Schwarzschild (i.e. non-rotating,
uncharged) brane-world BH is described by a Reissner-
Nordstro¨m (i.e. non-rotating, charged) metric, with the
BH charge replaced by the tidal charge.
One can show that the earlier estimate of ∆Φ ≈
2Mℓ2/(3r3) is valid to order (a/r)2 (i.e. the order rele-
vant for computing the quadrupole) even when consider-
ing rotating spacetimes. In other words, the quadrupole
does not receive corrections depending on the spin of the
BH. This can be seen by following the approach of [65],
wherein one obtains that the leading order correction
scales as ℓ2a2/r4, and thus does not affect the compu-
tation of the quadrupole. In summary, the Newtonian
gravitational potential for a Kerr BH in the RS model is
given, up to order (a/r)2, by:
Φ(r, θ) = −
GM
r
[
1 +
(a
r
)2
P2(cos θ) +
2ℓ2
3r2
+ ...
]
.(6)
In all previous equations, θ is the BH observation an-
gle, which corresponds to the angle between the line-of-
sight and the spin axis. For the specific case of M87*,
the jet inclination with respect to the line-of-sight is
θjet ≃ 17
◦ [74], which coincides with the angle between
the line-of-sight and the spin axis θ under the well-
motivated assumption that the jet is powered by the
spin of the BH and is approximately aligned with the
spin axis (through the Blandford-Znajek mechanism [75]
or variants thereof). Hereafter, we shall therefore set
θ = θjet ≃ 17
◦. Notice that for such low observation an-
gle, P2(cos θ) ≈ 1, an approximation which for simplicity
we adopt moving forward. 3
III. RESULTS
Using the modified Newtonian potential in the pres-
ence of extra dimensions estimated in Eq. (6), and us-
ing our approximation for P2(cos θ) ≈ 1, we can read
off the quadrupole moment QKerr,RS ≈ Ma
2 + 2Mℓ2/3
and correspondingly the deviation from the Kerr value
∆Q ≡ QKerr,RS − QKerr, with QKerr = Ma
2. We find
that the deviation ∆Q, and correspondingly the relative
deviation ǫ, are given by:
∆Q ≈
2Mℓ2
3
, (7)
ǫ ≡
∆Q
QKerr
≈
2ℓ2
3a2
. (8)
Using our estimate for ∆Q together with the upper
limit on ǫ reported by the EHT collaboration implies:
ǫ ≈
2
3
ℓ2
a2
<
∼ 4 =⇒
2
3
ℓ2 <∼ 4a
2 . (9)
3 There are in fact indications that θ might even be lower than
17◦ [76]. This would make our approximation of P2(cos θ) ≈ 1
even more accurate.
However, for a Kerr BH the angular momentum is
bounded by the Kerr limit a ≤ M , which implies that
4a2 <∼ R
2
s, where Rs = 2M is the Schwarzschild radius
for the object in question. Armed with this further in-
equality, we see that Eq. (9) implies:
ℓ <∼
√
3
2
Rs . (10)
In [49], the mass of M87* was estimated to be MM87∗ =
(6.6±0.7)×109M⊙, in units of the mass of the SunM⊙ ≈
2× 1030 kg. Using this result, we find Rs ≈ 2.5× 10
13m,
which finally results in the following upper limit on AdS5
curvature radius:
ℓ <∼ 2.5× 10
13m ≈ 170AU , (11)
with 1AU being one astronomical unit.
The upper limit obtained in Eq. (11) is still not com-
petitive with the O(mm) constraint obtained in [26], but
represents a substantial improvement over the limit we
obtained from GW170817 in [27]. More importantly, it is
an independent limit and among the first limits on exotic
physics obtained by imaging the dark shadow of M87*. 4
IV. CONCLUSIONS
In this short paper we have shown how the image of
the dark shadow of M87*, recently provided by the Event
Horizon Telescope collaboration, allows us to probe the
physics of extra dimensions. Focusing on the Randall-
Sundrum brane-world scenario, wherein our Universe
consists of a 3-brane within an AdS5 space, we have set
an upper limit on the AdS5 curvature radius ℓ, finding
ℓ <∼ 170AU. This upper limit is far from being compet-
itive with current constraints on extra dimensions from
precision tests of gravity on O(mm) scale. While weak,
we believe this constraint is nonetheless valuable because
it is obtained in a completely independent way with re-
spect to previous limits. Moreover, it serves as a proof-of-
principle for the possibility of constraining fundamental
physics already from the first image of the dark shadow
of a black hole.
The coming years will certainly be an extremely excit-
ing time as far as tests of General Relativity and alter-
native theories of gravity are concerned. The success of
the Event Horizon Telescope in imaging the dark shadow
of M87* pairs up with LIGO’s success in detecting an
ever-increasing number of GW events: together, the two
provide us further tests of the behaviour of gravity on as-
tronomical and cosmological scales. It is exciting to see
how we can use available data and build upon the con-
siderable efforts put into action to deploy the first ever
4 See also [77–106] for other works exploring fundamental physics
and properties of BHs or BH mimickers in light of the imaged
dark shadow of M87* or future observations from the EHT.
4image of a black hole shadow, to probe physics describ-
ing the very structure of our space-time, testing the pos-
sible existence of extra dimensions beyond those which
our senses are able to experience. We look forward to
improvements in VLBI technology, as well as the deliv-
ery of the first image of Sgr A*, which will allow us to
refine tests of fundamental physics by imaging the dark
shadows of astrophysical black holes.
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